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he massive tangle of DNA making up our chromosomes protein and the switches that regulate gene expression? Two 
holds the plans, or genes, for tens of thousands of conditions must be satisfied if such a study is to be manageable: We 

ese proteins were produced at the need genes that can be switched on and off easily, and we need 
same time, the cell would be a madhouse out of control. specific molecular probes that mark only those parts of the DNA 

a particular gene at a given moment to express itself by strand where the gene and its switches are located. 
synthesis of the protein it encodes? What causes specific Scientists at Los Alamos have been studying such a gene site- 

ow are specific proteins enlisted in probes for that site. The result is a model system for gene expression 
g from heavy-metal ~oisoning to viral that is revealing a great deal about the various levels at which gene 

expression can be regulated. And even more exciting, scientists, both 
gle of DNA if we are to study gene at Los Alamos and elsewhere, are using a switch from this site to reg- 

the site of a particular gene along ulate other genes. Thus, we have gained a powerful tool for manip- 
t site for both theblueprint of the ulating specific gene expression in the laboratory and in the animal. 



Our work at the Laboratory grew out of 
research in trace-metal toxicology. It was 
known from nutritional studies that certain 
metalloproteins played important roles in the 
cellular metabolism of essential trace metals. 
This work was buttressed by toxicological 
research on trace metals-of special concern 
because of industrial exposure to metals and 
growing problems with metal pollution of the 
environment. For example, the occurrence in 
Japan of the tragedy of Minamata and Itai- 
itai ("ouch-ouch") disease stimulated in- 
creased research on the molecular 
mechanisms by which the body detoxifies 
metals such as mercury and cadmium. 

At Los Alamos we concentrated on the 
metallothioneins, which consist of at least 
two distinct proteins (MT I and 11) with two 
corresponding genes defining the metallo- 
thionein locus. These similar, low-molecular- 
weight proteins have a strong affimity for 
several trace-metal ions and play important 
roles in the homeostatic regulation of the 
essential trace metals copper and zinc and in 
the control of zinc's toxic counterpart, cad- 
mium. Cadmium is ubiquitous in the earth's 
crust and is transferred normally to animals 
and man through the food chain. Thus, even 
in uncontaminated environments, significant 
amounts of Cd2+ can gradually accumulate 
in the body where it is dealt with by binding 
to the metallothioneins and being stored, 
primarily in the liver and kidneys. 

Our goal was to move from the cellular 
response to metal ions down to the underly- 
ing mechanisms that generate this response 
on a molecular level. We were thus faced 
with understanding the regulation of gene 
expression at a particular site in the specific 
context of heavy metal poisoning. However, 
our studies revealed the metallothionein 
locus to be an exciting system for exploring 
gene expression in general. 

For one thing, the locus offered a gene 
system that could be easily switched on and 
off. There are two general modes of gene 
expression: the constitutive mode in which 
the gene is locked on and synthesizes its 

protein continuously, and the inducible mode 
in which the gene can switch on and off 
according to specific conditions in the cell. 
Metallothionein synthesis can be induced in 
a variety of cells grown in culture by adding 
appropriate concentrations of Cu2+, Zn2+, or 
Cd2+ ions. Such straightforward control is 
important. 

We also learned that we could develop cell 
lines that overproduced metallothionein. 
These were variant cell lines, more resistant 
to cadmium, that could provide us with a 
valuable source of the molecules involved in 
gene expression such as metallothionein 
genes, gene products, and regulatory factors. 
Of course, how cells accomplished this over- 
production of metallothionein and the mech- 
anisms underlying genetic expression were 
fascinating problems in their own right. 

We could reach into the tangle of DNA 
with strands of radioactively tagged DNA 
that would selectively attach themselves to 
portions of the metallothionein locus. The 
advent of cloning of DNA sequences 
through recombinant DNA technology had 
made it possible to isolate pieces of par- 
ticular genes. These cloned genes could be 
tagged to facilitate detection and be used as 
probes that hybridize, or form a double 
strand, at the site of the gene. The radioac- 
tivity of the probe would serve as a marker 
for the gene, regardless of whether that gene 
remained in its intact form in the chromo- 
some or was a fragment sliced out by special 
enzymes. 

In the Genetics Group of the Laboratory's 
Life Sciences Division, we prepared such 
probes by isolating functional pieces of the 
metallothionein locus. The probes enabled a 
variety of experiments, eventually revealing 
two mechanisms for metallothionein gene 
expression, the order of the DNA coding 
units at the locus, and the location of the 
gene site in its chromosome. 

Another aspect that made the metallo- 
thionein locus an exciting model system for 
the study of gene expression was its univer- 
sality. Metallothioneins have been found in 

species ranging from blue-green algae to 
man. Research in our laboratory and others 
has now shown that the DNA regions that 
code for the two metallothioneins have been 
highly conserved from species to species. We 
estimate that the presence of paired metallo- 
thionein genes, MT I and 11, has been 
maintained for many tens or hundreds of 
millions of years in species that otherwise 
diverged from each other. The conservation 
of this inducible system highlights its crucial 
cellular role. 

Finally, it was realized that once the 
switch regulating metallothionein synthesis 
was located, it could be joined by recombi- 
nant DNA methods to other, unrelated 
genes, then reintroduced into cells by gene- 
transfer techniques. It was hoped the ex- 
pression of these recombinant genes could 
then be induced by exposing the cells to Zn2"*" 
or Cd2"*". We would thus take advantage of 
the clearly defined switching properties of 
the metallothionein gene to manipulate the 
expression of other, perhaps normally con- 
stitutive, genes. Already, despite an in- 
complete understanding of how the regula- 
tory switch of the metallothionein locus 
operates, such experiments have been 
performed successfully. Scientists at the Uni- 
versity of Washington and the University of 
Pennsylvania have used the metallothionein 
switch to regulate the gene for growth 
hormone in mice. Now, in collaboration with 
several laboratories, we are using the switch 
to study the regulation of oncogenes-genes 
whose expression is implicated in human 
carcinogenesis. 

Although research has now revealed much 
about gene expression at the metallothionein 
locus, many questions remain that are only 
partially answered. In some ways the work is 
just beginning. But a model system for gene 
expression has been defined, appropriate 
tools have been made, and what began as the 
study of cellular defense against metal 
poisoning has now grown into a multi- 
pronged assault on both the mechanisms and 
the effects of gene expression. 
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Gene Expression 

Transcript ion 

Fig. 1. Gene expression involves three major steps in cells with a polyadenylate tail is added. This tail distinguishes most 
a nucleus. Transcription: One strand of the DNA at the gene mRNA from other RNA in the cell. Processed mRNA then 
acts as a template for the formation of messenger RNA passes through the nucleus into the cytoplasm. Translation: At 
(mRNA). The enzyme RNA polymerase moves along the complex particles called ribosomes, the mRNA is drawn 
double helix, unzipping part of the DNA and synthesizing a through, the triplet code is read, and the corresponding set of 
complementary RNA strand. Processing: Many of the tran- amino acids are linked together into the protein. 
scribed gene regions not coding for protein are spliced out, and 

From Gene to Protein 

A gene holds its plan as a particular 
sequence of monomer units, called 
nucleotides, linked together in long, 
polymeric strands of DNA. Each nucleotide 
provides one of four possible base moieties, 
projecting sideways from the phosphodiester 
backbone of the molecule. Each base pairs 
with its complementary base on the 
nucleotide of a second strand, thus forming 
the double helix of DNA (see the figure and 
caption on page 54). The complementary 
nature of the two strands is the basis not 
only of the hybridization techniques used in 
identifying genes but of the DNA-directed 
synthesis of RNA that must occur before the 
information in the DNA can be used to 
synthesize a protein. 

The key steps in the process of gene 
expression are transcription of a primary 
strand of DNA into a complementary strand 
of RNA, and translation of the RNA into 
protein. In cells without a nucleus, these 
steps are rather simple and are not com- 
partmentalized. In eukaryotes (cells with a 
nucleus), transcription takes place in the 
nucleus, whereas translation takes place 
outside the nucleus in the cytoplasm at sites 
for protein synthesis called ribosomes (Fig. 
1). As a result, the process of gene ex- 
pression is quite complicated, and regulation 
of this process may occur at several levels. 

The DNA in eukaryotes holds the genetic 
blueprint, yet only certain segments along 
the strands encode protein sequences. The 
noncoding regions mark, among other 
things, the start and stop positions for tran- 

scription and probably play a role in turning 
some genes on and off. During transcription 
an enzyme called RNA polymerase unzips 
part of the DNA double strand and moves 
down through the gene. A growing strand of 
RNA complementary to the original gene is 
copied using the one-to-one complementary 
base-pairing rules. 

At this stage the synthesized RNA mir- 
rors both the protein coding regions of the 
gene and noncoding regions that flank or 
interrupt the coding sequences. Such RNA is 
processed before it passes through the nu- 
clear membrane of the cell. During process- 
ing many of the coding regions are spliced 
together, and the noncoding regions are dis- 
carded. One other modification that occurs 
during processing is the addition of a poly-A 
tail, consisting of about 200 consecutive 
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adenylate units. (Adenylate is one of the four 
nucleotides that make up the RNA or DNA 
polymeric chains.) We now have messenger 
RNA (mRNA) ready for protein synthesis. 

The mRNA that passes into the 
cytoplasm is translatable, in that it may 
move to the ribosomes and have its genetic 
message translated into protein. In this step 
each group of three consecutive nucleotides 
in the protein-encoding regions of the 
mRNA delineates the introduction of a 
specific amino acid into the protein. 

Concentration 
of 

The Cells 

Because of the hierarchy of complex 
processes governing protein synthesis, we 
could hope to begin understanding the regu- 

Fig. 2. Cells that are resistant to cadmium (C8) are generated by exposing the 

lation of gene expression in eukaryotes only original cells (Cd5) to marginally toxic levels of the metal ion. Repeated treatment 

by using purified components and an easuy using increasing concentrations qf Cd2+ generate increasingly resistant sublines. At 
controued cellular system. cultured mam- each stage a variant cell that survives is cloned, becoming a genetically homogenous 
malian cells offered several advantages in population o f  cells* 

By repeating the procedure as" sEowni 
Fig. 2, we were able to derive a series of Fig- 3. The percentage of cefi that survive cadmium exposure as a /unction of 
variant sublines that were resistant to in- concentration for several sublines. 
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Gene Expression 

creasing levels of Cd2+ in the edture me- 
dim. Although a Cd3+ concentration of 
only 02 micromolar is enough ta begb 
killing cells from the original h e  of hamster 
ovary cells, sublines were derived with Cdz+ 
resistance Imls of about 2,20,30, a d  200 
micromolar. The percentage survival as a 

F&. 5. Sepamtlon qf the two metalhtlzio~ei& MT 1 and 11, by ekc$rophares&. 
Cellukr pmte& labeke2 wih a@4r-33, wag extrm&dfh~ the &lines sham at the 
top. The l#t ~ o l m  o f w h  p i r  &fir m ~drnim expornre, t?u @kt isfir the cd2+ 
expasme sbwa. reWively d l  mtdbthiomih rnulecdes migrate mp$d&, a d  
dflwemes t~ thefr awbo add com.pos&~ erne them to ~~~~~ Autor&mhy 
t k n  reveals their reivpmtiw p ~ i ~ t z s  and relative amounts. These &ta show that 
h c m s . d  synths& of rne~allatktomfn ocfiws c~ordhte&; that &, &WE i~ a 
p q m r t b ~ e  bwemti? i~ ithe &cdv@ of both g a s .  ALTO mte that cansiderdle 
metallothkmdn is w ~ h & e d  in the Cdr 200 ~&1i%ey mm when vutha& & mif &kg 
hdked by Cd2+ q o s m *  

h & i o n  of Cd2+ concentration of both the 
original ce!ls and several of the sublines i~ 
show ~II Fig. 3. 

Over the past ssveral yaws these 4- 
miurn-sensitive (Cd*] and cadmium-r~sistant 
[Cd7 cells have pfovicki a usfid framework 
for a variety of stu&s in both the Genetics 
and the T~xkoiogy groups at LAX A W s .  
In particular, the e&ct of C!d2+ on growth 
and survival, the marmer in whieh the mils 
take up and compartmentalize the Cd2+, and 
a e  extent ~f Cdat binding to metallothionein 
have been studted. For gene expression, of 
wurse, it was impcartant to marnine the 
induction of metdothionein syathesis. 

Figure 4 show& what happens to the rate 
of metallothion& synthesis when the con- 
centration of CdZ+ that hdmes maximum 
synthesis for a given subbe is added to 
those cell& Normal Cds cells prduce un- 
detectable levels of the protein, whereas the 

Cdr variants show a much inmead  rate of 
syatbesis. Several lines of evidence fhrn 
ceUular, biochemicd, and molecdar genetie 
studis showed that synthesis of this protein 
definitely ameliorates the W x k  effects of 
Cdz+. Typically, the rapidity with which Cdr 
variants begin to synthedze metallothionein 
and, to some. extenty the relative synthesis 
levels mrrespoad to their respective re- 
sistmm. 

The dramatic hcrease in rnetdI6thiomh 
prduction in Cdr ~ l l s  as one progresses 
from Cds sells ta the most resistant subline 
(Cdr 200) is revealed h Fig. 5. Hemy one of 
the amino acids u&d In the synthesis of the 
r'netdlothi~aebs, ~ysteine* was labeled with 
the radioisotope s~rlfur-35. Protein mtracts 
were taken from the cytoplasm of dl subIbe8 
before and after C@+ ~xpome ,  then sepa- 
rated by size using a &mdwd0:@hfaae 
called electrophoresis. In this &&iquey 
rnolwuks migrata through a gd d e r  the 
influence of an applied electric field, the 
smaller molwules dgrztting faster. Next, we 
used au&radiogxaphy3 ~ E c h  radiation 
f r ~ m  the sulfm-33 exposes fiirn at the lma- 
tions of the spatidly separated pmtehs in 

33 



Cytoplasm 

Fig. 6. Alternative control mechanism for metallothionein Cd2+ binds to it, causing the repressor to release the DNA and 
synthesis: transcriptional control (red) versus cryptic mRNA allow transcription to &ke place. For cvptic mRNA control 
(blue). The basic steps of gene expression are the same in both occurs in the cytoplasm. In this case, although the mRNA has 
cases. However, for transcriptional control the regulation already been synthesized, it is stored before translation to 
occurs at the gene. The figure shows one possi&ili@: a protein can occur. Cd2+ exposure leads to the release of this 
repressor binds to the DNA, preventing transcription, until mRNA, followed by rapid synthesis of the metallothionein. 

the gel. The intensities of these spots are a 
measure of metallothionein concentrations. 

We see for the Cdr sublines that not only 
is more metallothionein produced for Cd2+ 
exposures but also the two metkllothioneins, 
MT I and 11, are expressed coordinately. In 
other words, an increase in metallothionein 
production reflects a proportionate increase 
in the activity of not just one, but both genes. 
Note that even when cells in the Cdr 200 
subline are grown without Cd2+ exposure, 
concentrations of metallothionein are rel- 
atively large. This reflects a high basal level 
of synthesis in these cells-an interesting 
observation that may reflect metallothionein 
gene regulation run awry in these cells. 

Some of our data indicated that cellular 
accommodation of Cd2+ is not attributable 

solely to the metallothioneins. In Fig. 5 we 
see that the Cdr 30 subline synthesizes about 
the same amount of metallothionein as does 
the Cdr 20 subline, yet the former variant 
subline is more resistant to Cd2+. Such data 
suggest there must be another protective 
mechanism distinct from the synthesis of 
metallothionein. We are pursuing this possi- 
bility in other research not discussed here. 

Location of Control 

Returning to the data of Fig. 4, the initial 
slopes of the kinetic curves show that the 
rapidity of the response is also greater in the 
more resistant variants. A resistant cell thus 
is able not only to synthesize more metallo- 
thionein, but it also accomplishes the syn- 

thesis more quickly. 
This last observation leads naturally to the 

next important question: where is control of 
metallothionein synthesis located? For ex- 
ample, control might occur at the gene as the 
result of activation or repression of tran- 
scription. Or it might occur in the cytoplasm 
by the release of cryptic mRNA, that is, 
mRNA that has been processed and trans- 
ported into the cytoplasm, but then stored in 
an inactive form (Fig. 6). The latter 
hypothesis would explain in a straight- 
forward manner the quick mobilization of 
metallothionein. Evidence for such transla- 
tional control exists in other genetic systems. 
It was obvious that we needed to extend our 
study at the molecular level to the link 
between gene and protein, that is, to messen- 
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ger RNA coded specifically for metallo- 
thionein (MT mRNA). 

Eventually, several lines of evidence were 
obtained in our laboratory and elsewhere 
that argued against a mechanism based on 
cryptic mRNA. First, previous reports had 
shown that actinomycin D, a chemical that 
is an inhibitor of mRNA synthesis, inhibited 
the induction of metallothionein in other 
systems. When used in Cdr cells, it com- 
pletely inhibited the synthesis of metallo- 
thionein, although general cellular protein 
synthesis continued at about 75 per cent of 
the normal rate. This result suggested that 
transcription of new MT mRNA is required 
for induction of metallothionein synthesis. 

Unfortunately, considerable controversy 
surrounds the use of specific inhibitors of 
RNA synthesis. Demonstrating inhibition of 
metallothionein induction alone was insufi- 
cient to give a quantitative assessment of 
transcriptional control at the gene. To obtain 
a more precise assessment, we developed 
methods to measure the levels of translatable 
MT mRNA present in the cytoplasm This 
involves a system in which total mRNA is 
extracted from the cell and used to direct 
translation of a specific protein in vitro, that 

is, in a reconstituted cell-free d i e u  using 
just thm chemicals and e~mponents d d  
for protein synthe~is. Rxtractioa of the 
mRNA removes proteins that may be in- 
bibitiqg trwIatiun h v&o. The amount of 
metdothionein generated is then a direct 
meamre of the amunt of translatable MT 
mlWA in the extract. 
We c o m p d  the level of metallothionein 

trddattxi in vitm with the level of trans= 
latable MT mRNA in the cytoplasm as a 
h c t i o n  of e x m e  to CdB+ (Fig. 7). Thee  
data show that accumulation of MT mRNA 
'dightly prmdes (by about h a  m hour] 
metallothionein synthesis. Further, when the 
Cd2+ is remomd, both xnetallothimein syn- 
thesis aid the Level of MT mRNA drop 
wordinakly. Th!s close temporal mela t ion 
is cons fmt  wfth the hypothesis that me- 
tdlothianein wthesis requires de 'mw 
mRNA gynthesh. Our ffi vitro measurement 
of translatable MT mRNA wuld hclude 
~ryptic m&NA stored in the cytoplasm, and 
our data show that MT mRNA ac~m-dates 
in the cytoplasm only during times of a- 
poswe to CdW. h fa& &e half-He for MT 
mRNA in the g topksm estimated @om 
these data appear8 to be very sb13 (abut 
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.would help answer the next question: Do the 
Cdr sublines synthesize more metdo- 
thioneins because transcription occurs more 
frequently at a given gene, or do these cells 
have an increased number of operating 
genes? 

Purification. The fust step was to isolate just 
the MT mRNA from the cell's total RNA. 
We started by using a standard affiity 
column chromatography separation tech- 
nique in which the poly-A tail, attached only 
to mRNA, binds to the column substrate, 
thus separating mRNA from other RNA in 
the cytoplasm. (There is only about 2 per 
cent mRNA in the cytoplasm; most of the 
RNA is ribosomal and transfer RNA.) 

We then used electrophoresis to separate 
the mRNA on the basis of size. Because the 
metallothioneins are small proteins (only 6 1 
amino acids), the corresponding MT mRNA 
should be of relatively low molecular weight 

Fig. 8. Synthesis and isolation of cDNA* probe. Cadmium- 
resistant cells exposed to Cd2+ (l@) synthesize both induced 
messenger R NA and constitutive M N A .  m e  initial punpca- 
tion steps, including electrophoresis, isolate M N A  of the size 
(4M*50 nucleotides) that includes induced m.RNA coding 
spec~@cally for metallothionein (MT m.R NA). These mR NA 

strands are used as templates to construct a complementary set 
of DNA strands (typically labeled with tritium) called cDNA* 
(red). Messenger RNA isolated from cells not exposed to Cd2+ 
(center) will not include induced MT mRNA. Hybridization of 
such M N A  with cDNA* forms cDNA*-MNA hybrids, the 
m.RNA of which is expressed constitutiveZy, and single strands 

(183 nucleotides in the regions coding for 
metallothionein plus a similar number of 
nucleotides in the leading and trailing un- 
translated regions). Independent experiments 
had revealed an interesting class of mRNA 
extracted from Cdr cells with only 400k50 
nucleotides, and this class increased to ap- 
proximately 5 per cent of the total cyto- 
plasmic mRNA after Cdr cells were exposed 
to Cd2+. 

The following experiment hrther demon- 
strated that this class contained the proc- 
essed MT mRNA. We tagged mRNA that 
was being synthesized in Cdr cells with 
different radioisotopes depending on whether 
the cells were turned on or off with respect to 
the synthesis of metallothionein. Specifically, 
during a 6-hour exposure to Cd2+Â we 
permitted cells to synthesize mRNA using 
uridine tagged with tritium (uridine contains 
uracil, the base unique to RNA). Separatelyl 
during a 6-hour period with no exposure to 

Cd2+, uridine tagged with carbon-14 was 
used. Thus, only the mRNA population 
tagged with tritium included significant 
amounts of cadmium-induced mRNA. The 
two mRNA populations were mixed and 
separated by size by electrophoresis. There 
was a striking increase in the tritium to 
carbon-14 ratio at the position in the gel for 
the 400-nucleotide mRNA, demonstrating 
that this class included the mRNA induced 
by Cd2+ exposure. 

Next, we pulled copies of the MT mRNA 
out of this 400-nucleotide class using a multi- 
step scheme based on a DNA-RNA 
hybridization reaction (Fig. 8). In fact, at the 
penultimate step, copies of MT mRNA are 
in double-strand form, the other strand in the 
hybrid being our desired gene probe. 

The frst step was to synthesize, with an 
enzyme called reverse transcriptase, what we 
call cDNA*, that is, single-strand DNA 
complementary (c) to all the mRNA in the 
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of induced mRNA. The hybrid group is t h  eliminated by discarded. The remining hybrids contain a& the induced 
hydroxylapatite column chromtography that separates single- MT mRA?A and strands of labeled DNA spec@7cally com- 
strand from dodle-strand molecules. Messenger RNA j?om plementary to it. The mRNA is digested* kaving this highly 
cells exposed to Cd2+ (kight) consists of thejkll set of m N A ,  specvc DNA* called cDNA* probe. 
including MT mRNA. This mRNA is allowed to react with 
what is lgt in the cDNA* set. This time the single strands are 

400-nucleotide class and labeled with tritium 
(*) or some other radioisotope. Thus, 
cDNA* is actually a set of sequences. The 
members in the set are present in the same 
proportional amounts as each corresponding 
mRNA sequence in the 400-nucleotide class. 
The set contains sequences complementary 
to the mRNA induced by Cd2+ exposure as 
well as sequences complementary to the 
constitutive mRNA always present in the 
cell. 

To separate the induced and constitutive 
cDNA*, we took advantage of the second- 
order kinetics of the DNA-RNA hybridiza- 
tion reaction (the bimolecular reaction rate is 
proportional to the concentrations of both 
species). We frst mixed tracer cDNA* with 
mRNA taken from cells whose metallo- 
thionein synthesis, was turned off. In this 
case, little or no MT mRNA was present, 
and the constitutive cDNA* sequences were 
the ones that hybridized. The reaction time 

was kept relatively long to help ensure 
complete hybridization of these unwanted 
sequences, then all hybrids were discarded. 
What was left was almost all single-strand 
cDNA* complementary to the mRNA that 
is only present when the cells are turned on, 
that is, complementary to the induced 
mRNA. We then performed the inverse step 
by mixing the remaining cDNA* with 
mRNA taken from cells in which metallo- 
thionein synthesis was turned on. Concentra- 
tions were kept low and times short so that 
only those abundant sequences with ex- 
cellent matches to our tracer cDNA* were 
likely to hybridize. In this case, single-strand 
cDNA* was discarded, leaving only double 
strands of the desired MT mRNA and its 
DNA complement. 

We had separated the mRNA induced by 
exposure to Cd2+ from the rest of the cell's 
RNA but now in hybrid or double-strand 
form. Our last step removed this mRNA, 

leaving us with the more important cDNA* 
probe, that is, DNA specific to MT mRNA 
and labeled with tritium or some other 
radioisotope. 

Now, MT mRNA is complementary to 
the DNA at the metallothionein locus, and 
cDNA* probe is, in turn, complementary to 
MT mRNA. Thus, the synthetic cDNA* 
probe reflects the coding sequence of 
nucleotides on the transcribed strand of the 
original genetic DNA (except for those inter- 
vening, noncoding sequences deleted when 
the mRNA was processed). This cDNA* 
probe was the key to what we would learn 
about regulation of gene expression and 
about the organization of multiple genes at 
the metdlothionein locus. 

Quantitative Measurements. To begin with, 
the radioactivity of the cDNA* probe al- 
lowed us to quantitatively measwe amounts 
of MT mRNA by the following technique. A 
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sample with a known total concentration of 
mRNA is incubated with a low concentra- 
tion of the probe. Conditions that can alter 
the hybridization rate, such as temperature 
and ionic strength of the reaction mixture, 
are adjusted to a given set of criteria that 
optimize specific hybridization of DNA and 
RNA. During the incubation samples are 
drawn at various times, the reaction 
quenched in the sample, and any single- 
strand DNA digested by an appropriate 
enzyme. Any cDNA* probe that hybridized 
with MI' mRNA remains undigested and 
can be separated and quantitatively meas- 
ured by liquid scintillation counting. The rate 
at which the cDNA* probe forms hybrids 
with MT mRNA can be used to calculate the 
concentration of those sequences in the total 
sample. 

Figure 9 shows the results of an experi- 
ment using this technique to measure the 
concentrations of MT mRNA in extracts 
from different cells. Here relative time is the 
time of sample withdrawal corrected for 
anything that would have altered the 
hybridization reaction rate, such as total 
concentration of mRNA and ionic strength. 
These corrections allow a quantitative com- 
parison that yields relative concentrations of 
MT mRNA. For example, the two extreme 
curves in Fig. 9 tell us that the MT mRNA 
concentration in cells from the Cdr 20 
subline that are turned on is greater than 
10,000 times the concentration in uninduced, 
normal cells (Cds). Also, note that when the 
Cdr 20 cells are turned off, their MT mRNA 
concentrations are only about 10 times 
larger than the normal cells. 

Large-Scale Purffication. To carry out 
further experiments, we needed larger 
amounts of the important cDNA* probe. 
Fortunately, recombinant DNA cloning can 
be used to generate specific DNA sequences 
in large amounts. In our case, we incor- 
porated metallotluonein cDNA sequences 
into plasmids, extrachfomosomal genetic ele- 
ments found in various bacteria (see the 

Fig. 9. The concentration of MT mRNA can be determined by the rate at which a 
given amount of cDNA* probe hybridizes with it. Messenger RNA taken from Ccf 20 
cells exposed to Cd2+ hybridizes more than 10,000 times faster than mRNA taken 
from normal Cds cells not exposed to Cd2+ and, thus, must contain more than 10,000 
times the concentration of MT mRNA. When these same Cdr 20 cells are not exposed 
to Cd2+, the hybridization rate and corresponding MT M A  concentration drops to 
only a factor of 10 greater than for Cds cells. Here relative time is actually the 
reaction time multiplied by the sample's total concentration of M A  and then 
corrected for other factors that also alter the reaction rate. 

figure on page 56). Our recombinant 
plasmids were then placed in the Escherichia 
coli bacterium where they self-replicated, 
producing amplified amounts of cDNA 
probe sequences. 

Of course, there are two metallothionein 
proteins (MT I and II), two corresponding 
types of MT mRNA, and two genes in the 
metallothionein locus. We succeeded in 
isolating separate cloned cDNA copies cor- 
responding to the two genes and here called 
cDNA probe I and cDNA probe 11. As 
mentioned earlier, except for sequences de- 
leted during mRNA processing, the nucleo- 
tide sequence of each of the two probes 
should be identical to the corresponding 
sequence of the transcribed strand at the 
gene. With sufficient cloned material we were 
able to determine, by biochemical analyses, 
actual nucleotide sequences along cDNA 
probes I and 11. By comparing our results to 
the known amino acid sequences in the 
proteins, we saw that our cloned, recombi- 

nant DNA did, indeed, represent the two 
major Chinese hamster metallothioneins. 
Each probe had a central region coding for 
its respective protein with adjacent se- 
quences on either side representing part of 
what are called the 5' and 3' untranslated 
regions (Fig. 10). There were only small 
differences between the I and II sequences in 
the coded regions (81 per cent homology), 
but large differences in the 3' untranslated 
regions (around 25 or 30 per cent homology, 
which, with four bases, is essentially ran- 
dom). 

With these facts firmly established, we 
were ready to use our two probes to further 
analyze the mechanisms underlying gene 
expression for metallothionein. Labeled 
cDNA* probes I and I1 or their comple- 
ments could be easily synthesized starting 
with the unlabeled material cloned in plasmid 
form. We typically used the complementary 
version of the labeled probes to identify the 
fate of various fragments of cellular DNA 
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Fig. 10. Features of the two metdothionein gene probes. Recombinant DNA 
techniques were used to isolate DNA sequences complementary to MT mRNA for the I 
and I1 metallothionein genes. Both sequences had a central coded region of 186 
nucleotides, including the nucleotide triplets, or codons, that initiate and terminate 
protein synthesis. Also, both had adjacent untranslated regions that do not code for 
synthesized protein, but which may contain sequences used to regulate gene 
expression. The enzyme used in the initial synthesis of these fragments became 
inactive before either of the 5' untranslated regions were complete. (See "Sequencing 
the Genes" for the actual base sequences.) 

after experimental treatment. In fact, we 
eventually fabricated probes, complementary 
to several specific locations along cDNA 
probes I or 11, that would identify unique 
portions of the metallothionein locus. 

The Role of DNA Methylation 

As we pointed out earlier, regulation of 
gene expression is critical for the pro- 
grammed development and cellular differen- 
tiation of any complex organism. Several 
mechanisms have evolved to provide such 
regulation. One, found in higher eukaryotes, 
is called DNA methylation. It involves a 
specific chemical modification: the covalent 
linkage of a methyl group at carbon 5 in 
cytosine, the base in one of the DNA 
monomers. This modification does not alter 
the coding capacity of the DNA because this 
carbon is not involved in the hydrogen- 
bonding interactions required for faithful 
DNA replication or RNA transcription. 

In most cases studied, increased methyla- 
tion (hypermethylation) of cytosine within or 
close to a protein-encoding DNA sequence 
of a gene suppresses expression of that 
gene's RNA product. Moreover, the hyper- 
methylated state of a specific gene is main- 
tained, that is, it is inherited by succeeding 
generations of the cell. The precise molecular 
mechanism by which DNA methylation sup- 
presses gene expression is not yet known. 
However, several lines of evidence indicate 
that DNA sequences rich with methylated 
cytosine can undergo a change from the 
normal, right-handed helical configuration to 
a left-handed helical configuration. It is 
speculated that this conformational change 
alters the interaction of the gene with the 
nucleoproteins needed to make transcription 
work. 

Is DNA methylation a mechanism con- 
trolling the metallothionein genes? Studies 
have been performed both in our laboratory 
and that of Richard Palmiter at the Univer- 

sity of Washington that were designed to 
examine the correlation between this mecha- 
nism and metallothionein gene expression. 

First, we tested directly the effect of a lack 
of methylation (hypomethylation) on gene 
activity. The DNA is generated with mono- 
mers that contain, instead of the normal 
cytidine, the modified nucleoside 5- 
azacytidine. This DNA behaves in most 
respects like regular DNA, except that it 
cannot be methylated because a nitrogen 
blocks the carbon atom that normally ac- 
cepts the methyl group. Treatment of Cds 
cells with this hypomethylating compound 
converts a relatively high fraction (1 to 5 per 
cent) of these cells to a cadmium-resistant - 

type. Such cells express both metallo- 
thioneins and are resistant to low (1 to 2 
micromolar) levels of Cd2+. Further, this 
resistance is heritable; that is, the sublines 
generated by this treatment are stably main- 
tained during prolonged growth in the 
absence of Cd2+. The activation 
is the consequence of the random substitu- 
tion of 5-azacytidine for cytidine in DNA, 
but once achieved randomly, a hypo- 
methylated site is inherited in all further 
generations even though cytidine is used. 
Palmiter's group obtained similar results 
studying mouse cells that initially lacked 
metallothionein gene expression. 

With this approach we could develop, at 
will, other cadmium-resistant sublines of 
cells whose resistance was apparently due to 
hypomethylation. But what was the extent to 
which metallothionein gene activity cor- 
responded to hypomethylation? DNA was 
purified from normal Cds cells, Cdr cells 
generated spontaneously, and Cdr cells gen- 
erated by 5-azacytidine treatment. These 
different sets of DNA were treated with 
restriction enzymes, special enzymes that 
recognize defined sequences and then cleave 
the DNA at those sites. For our experiment, 

- 

we chose two restriction enzymes that cleave 
DNA at the sequence of bases cytosine- 
cytosine-guanine-guanine (CCGG). How- 
ever, one enzyme cleaves no matter what the 
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Fig. 11. Filter hybridization analysis of DNA. After the seonpk of DNA has been 
treated with a restriction enzyme, the fragments are separated by size using 
electrophoresis. The smear of single-strand DNA is transferred to special DNA- 
binding filter paper in such a way that the spatial arrangement of the fragments is 
preserved. To locate those fragments containing, say, parts of the metallothionein 
locus, a radioactively labeled gene probe is added to the filter paper. Autoradiography 
generates exposure bands at the locations where the labeled probe hybridized with 
fragments. 

state of methylation, whereas the other is 
more selective and will not cleave if the 
internal cytosine is methylated. These two 
enzymes allowed us to determine the pres- 
ence or absence of genes modified by meth- 
ylation in the manner described next and in 
Fig. 11. 

The DNA fragments obtained after treat- 
ment with the restriction enzymes were sepa- 
rated on the basis of size by electrophoresis 
and analyzed with a technique called filter 
hybridization. In this method the fragments 
are denatured to single-strand form, trans- 
ferred directly to special DNA-binding filter 
paper, and then the appropriate labeled 
probe is added to the filter paper and allowed 
to hybridize with the spatially resolved frag- 
ments. We used labeled probe that was 
complementary to cellular DNA at the 
metallothionein locus, and autoradiography 
of the filter paper revealed bands wherever 
gene fragments had hybridized with this 
probe. We found that the metallothionein 
locus in DNA from Cdr sublines capable of 
metallothionein expression was cleaved by 
both restriction enzymes and thus was 
hypomethylated. However, the metallo- 
thionein locus in DNA from Cds cells was 
resistant to cleavage by the more selective 
enzyme and thus had methylated gene se- 
quences. In this way, use of our gene probes 
demonstrated that DNA methylation is one 
mechanism controlling metallothionein gene 
expression with, once again, a lack of meth- 
ylation corresponding to the ability of that 
gene to express itself. 

There are several exciting aspects to the 
research on DNA methylation. For one, a 
change in methylation is a nonmutational 
alteration in gene expression. Knowledge of 
the mechanisms that control methylation of 
DNA in the vicinity of specific genes can 
ultimately be used to study how chemicals or 
other environmental insults might disrupt the 
heritable pattern of methylation, and thereby 
alter the normal pattern of gene expression in 
cells. Such nonmutational alterations may be 
involved in carcinogenesis or abnormal de- 
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velopment. The metallothionein locus pro- 
vides a convenient, defined genetic locus at 
which to study how different conditions elicit 
such alterations. 

As mentioned earlier, DNA methylation 
may prevent transcription by causing a con- 
formational change in the DNA from one 
type of helix to another. Further analysis of 
the metallothionein locus and its control by 
DNA methylation may help delineate stmc- 
turd and functional hierarchies in the molec- 
ular organization of genes through the im- 
pact of one or the other on gene expression. 
Much of this will become possible in the near 
future as we define more precisely the molec- 
ular organization of the metallothionein 
locus. 

Gene Amplification 

Although we'd shown that DNA methyla- 
tion was a mechanism regulating the extent 
of expression of the metallothionein locus, 
we knew it couldn't be the only one, because 
the Cdr 4 s  generated by treatment with 5- 
azacytidine showed resistance to only low 
concentrations ofCd2+. Many of the sublines 
derived by long-term culturing in the pres- 
ence of Cd2^ showed resistance at much 
higher concentrations and, tiros, must be 
regulated by an additional mechanism. One 
interes t ing possibility was gene 
aqvlfflcation, in which there is an increase in 
the number of metallothionein genes in the 
chromosome. 

It was known that mammalian eeUs could 
respond to environmental stress, such as 
toxic agents, by a variety of mechanisms, 
including a remarkable ability to increase the 
number of copies of specific genes. The most 
widely studied example of such a genetic 
response is the development of resistance to 
methotrexate, an anticancer drug. In a 
fashion reminiscent of metallothionein pro- 
duction, the cells that develop an increased 
resistance to methotrexate overproduce a 
protein, the enzyme dihycfrofblate reductase. 
In this ease, the ameliorating protein being 

Fig. 12. Specialized gene probes. The original cDNA probes I and. U were cut with 
restriction enzymes, and three of the fragments served as templates to synthesize 
labeled DNA probes A, B, and C. Probe A is complementary to the major part of the 
coded region o f  &NA probe 27 and approximately complementary (81 per cent 
homology) to the same region of  cDNA probe I. T h  probe A hybridizes with the 
coded region o f  either metallothimein gene and can be used to identffy fragments o f  
cellular DNA that include pieces of  either. Because o f  the differences in nuclwtide 
sequences in the 3' untranslated regions of cDNA probe I and II,probe B is specific to 
theMTIIgenewhereasprobe Cisspectftc to theMTIgene. 

overproduced (the enzyme) is also the direct 
target of the toxic agent (the drug). June 
Biedler at The Memorial Sloan-Kettering 
Cancer Institute and Robert Schimke and his 
collaborators at Stanford University had first 
show that one mechanism for this increased 
production was a capability on the part of 
the resistant cells to expand a specific por- 
tion of a chromosome, generating an 
amplified number of genes encoding the 
enzyme. Could such gene amplification also 
be happening at the metallothionein locus? 

To answer tihis question, we analyzed 
cellular DNA for gene organization and gene 
copy number. We started by constructing 
several probes smaller and more specific 
than cDNA probes I and 11. We did this by 
slicing particular fragments from these 
probes with restriction enzymes according to 
the scheme in Fig. 12. One fragment selected 
(A) corresponded to a large portion of die 

coding region of the gene for MT 11. Two 
other fragments corresponded to separate 
portions of the untranslated regions, but with 
one of these (C) from probe I and the other 
(B) from probe 11. We then used the frag- 
ments as templates to synthesize radioac- 
tively labeled probes A, B, and C that were 
complementary to the corresponding regions 
of the gene locus in cellular DNA. 

We checked the efficiency of probes A, B, 
and C with several control cross-hybridiza- 
tion experiments between I and I1 sequences. 
For example, probe A, derived from the 
coding region for the MT I1 gene, cross- 
hybridized with cDNA probe I under condi- 
tions in which hybridization would only take 
place between strands that had 80 per cent 
homology or greater. This result was ex- 
pected because the nucleotide sequences for 
the two separate coding regions have 81 per 
cent homology. In contrast, under the same 
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Fig. 13. Treatment of cellular DNA with the restriction enzyme HindIII results in two 
gene fragments that hybridize with probe A, the probe specific to the coding region of 
either metallothionein gene. The concentrations of the two fragments (here revealed 
with electrophoresIS, filter hybridization, and autoradiography) change propor- 
tionately from one subline to another, suggesting coordinate amplffication of both 
genes. The numbers on the left are fragment lengths in kilobases (kb). These numbers 
were determinedfrom the positions of molecules, called markers, of known length that 
were separated at the same time by the electrophoresis. 

hybridization conditions, probes B and C did 
hybridize with their homologous cDNA 
probe (that is, with their original template) 
but did not cross-hybridize with their 
nonhomologous cDNA probe. Again, this 
was expected because the homology of the 
two separate 3'-untranslated regions is only 
25 per cent for the B fragment and 30 per 
cent for the C fragment. These properties of 
probes A, B, and C then permitted us to 
analyze both the organization and the gene 
copy number of metallothionein genes in 
normal Cds cells and the Cdr sublines. 

For example, because probe A is com- 
plementary to the DNA of the MT I1 coding 
region, the hybridization of probe A with 
cellular DNA is driven by the "concen- 
tration" or gene copy number of the MT I1 
gene. We isolated DNA from each Cdr 
subline, measured the kinetics of the 
hybridization reactions, then compared the 
data to that for Cds cells to estimate an 
amplification factor. Although we found the 
Cdr 200 subline had an amplification factor 
of 14, the Cdr 2 subline had a factor of 1, 
implying that the Cd2+ resistance of this 
latter subline is due solely to DNA methyla- 
tion. We also found a drop in amplification 
factor from 7 for the Cdr 20 subline to 3 for 
the Cdr 30 subline, which is consistent, once 
again, with the idea that another mechanism 
besides metallothionein synthesis is also op- 
erating in the Cdr 30 subline. Also, an 
independent study compared the hybridiza- 
tion between probe A and DNA from Cds 
cells with the hybridization between probe A 
and dilutions of DNA from Cdr 200 cells. 
This study revealed that the gene amplifica- 
tion factor for the Cdr 200 subline may be as 
high as 40 to 50. 

Next we used a particular DNA restric- 
tion enzyme called HindSII to cut into pieces 
the DNA from each of the Cds and Cdr cells. 
We analyzed these fragments using elec- 
trophoresis, filter hybridization; and auto- 
radiography and found two major bands 
(Fig. 13). Because the MT I and I1 coding 
regions share extensive homology, probe A 
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Fig. 14. Differential hybridization. Extracts of DNA from Cdr hybridized deferentially. That is, probe C (specific only to the 
200 cells IWV treated with three different restriction enzymes 3' untranslated region of gene I) hybridized with one fragment, 
(HmdZII, BamHT, and fJCoRI). After electrophoresis, probe A whereas probe B (specific only to the 3' untranslated region of 
in each case hybridized primarily with two fragments. How- gene 11) hybridized with the other. The EcoRI digest did not 
ever, probes B and C, for the WndIII and BamHI digests, show this differential behavior. 
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probably hybridized with two fragments, To &st mcb a hypcsitft-, wk! 
each containing one of the two genes. Cd* and Of DNA dfh dtf- 
Moreover, the concentrations of each of the fetmt restrietioa enzymes @tadSQ. SiaiffBSs, 
two bands increased proportionately in all and ECQRI) d y e a s i  the fragments 
Cdr sublines, suggesting that the MT I and I1 file aaflae manna as befosfe ttaBag all threfe 
genes are amplified coordinately. p~ohes A, It aid C, Figitte 14 shorn tile 
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that this site corresponds to a translocation 
breakpoint on a large, rearranged chromo- 
some. Further molecular studies in progress 
in our laboratory have confirmed that the 
MT I and I1 genes are, indeed, linked in 
cellular DNA. 

Several exciting aspects of these findings 
are prompting further research. The 
metallothionein locus with its two genes 
provides an opportunity to study the or- 
ganization of an amplified gene cluster as 
well as the mechanisms that lead to duplica- 
tion and rearrangement of that cluster. The 
metallothionein locus is an example of gene 
amplification in which the products of the 
amplified genes are not directly related to the 
toxic action of the agent being resisted. 
There is also the question of whether or not 
there are genes coding for the molecules that 
regulate transcription at the "switch" region 
flanking the MT genes. Further knowledge 
about these points will greatly aid our under- 
standing of how environmental insults, such 
as exposure to chemicals or ionizing radia- 
tions, might cause alterations in genes that 
are not classically defined gene mutations. 

The Organization of Cellular DNA 

So far, we've ignored the noncoding re- 
gions in cellular DNA that interrupt the 
coding sequences and are spliced out during 
the RNA processing step. Because these 
noncoding regions are not present in mRNA, 
their sequences are not copied into cDNA. 
Thus, the analysis of cDNA sequences only 
reveals information about the protein-coding 
regions of a gene and those parts of the 3' 
and 5' untranslated regions that survive 
processing, purification, and probe synthesis. 
As a result, important data are missing on 
the fine-structure organization of the original 
cellular DNA. 

Also important is the fact that sequences 
immediately adjacent to the gene in cellular 
DNA may be involved in the control of gene 
expression. But the knowledge we'd gained 
from cDNA sequence analysis alone about 

these 3' and 5' untranslated regions was 
incomplete. This was especially true of the 5' 
region because the enzyme used in the 
reaction that generates cDNA molecules 
generally became inactive too soon. 

To fill these gaps in our knowledge we 
turned once again to recombinant DNA 
cloning techniques. This time, however, our 
starting material was the cellular DNA itself. 
We chopped this DNA into almost random 
fragments with restriction enzymes, selected 
fragments of appropriate size, and inserted 
these into the DNA of bacteriophage. The 

phage were then allowed to infect and multi- 
ply in host bacteria. Labeled cDNA probe 
specific to the metallothionein genes was 
used to locate (in discrete lytic plaques in 
bacterial lawns, caused by phage lysis) the 
cloned fragments of interest. 

Because of the manner in which the 
cellular DNA is cut up, numerous recombi- 
nant phage clones are generated. The dif- 
ferent fragments thus obtained represent a 
"library" of sequences representing the 
cellular genetic material. A few of these are 
sequences of interest, and contain overlap- 
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ping sequences that should allow one to 
"walk" along the DNA defining and flanking 
a given genetic locus, for example the 
metallothionein locus. The Genetics Group 
at Los Alamos is presently attempting such a 
walk. Hopefully, we will eventually define the 
nucleotide sequence all the way from one 
metallothionein gene to the next. 

Switching on Other Genes 

Already, it has been demonstrated that 
DNA sequences adjacent to the coding re- 
gion control the induction of the metallo- 
thioneins by ZnZt or CdZt. In an elegant 
series of experiments, Richard Palmiter and 
Ralph Brinster (University of Pennsylvania) 
located in the DNA of mice a "promoter" 
region, immediately flanking the MT I gene 
in the 5' region, that provided this regulation. 
In control experiments, deletion of DNA 
sequences within this promoter region abol- 
ished gene expression. 

Further proof for the promoter then came 
from recombinant DNA cloning experi- 
ments. The basic idea was to fuse the 
promoter to genes unrelated to the metallo- 
thioneins to see if such chimeric genes could 
be regulated with Zn2+ or Cd2+. Palmiter, 
Brinster, and their colleagues microinjected 
the fused DNA into the pronuclei of 
fertilized eggs and then inserted the eggs into 
the reproductive tracts of mice serving as 
foster mothers. In the first experiment the 
gene for thymidine kinase (a particular 
"housekeeping" enzyme) was stably inte- 
grated so that, in certain tissues of the 

offspring, the enzyme was synthesized in 
response to Zn2+ or Cd2+ exposures. Next, 
the gene for growth hormone was introduced 
in a similar fashion. This time the offspring, 
when exposed to Zn2+ or Cd2+, grew to 
larger than normal size. 

These exciting results open a new arena to 
molecular biologists: the ability to manipu- 
late gene expression in the laboratory and in 
the animal at a variety of specific gene sites 
using the metallothionein promoter as the 
switch. At Los Alamos, in collaboration with 
Esther Chang of the Uniformed Health 
Services University of the Health Sciences 
(Bethesda, Maryland) and Richard Palmiter, 
we are using the metallothionein promoter to 
regulate expression of an oncogene (special 
genes, originally found in certain tumor- 
causing viruses, whose expression is im- 
plicated in human carcinogenesis). By fusing 
the promoter to one such gene, we hope to 
manipulate the expression of an oncogene 
and see how the resulting cellular traits are 
associated with the malignant behavior of 
cells. Similarly, in the laboratory of geneticist 
Frank Ruddle (Yale University), metal-con- 
trolled oncogenes are being microinjected 
into developing mice to study the conse- 
quences of oncogene expression during em- 
bryogenesis. 

In a more general vein, the discovery of 
this regulatory switch is allowing the ex- 
perimental manipulation of gene expression 
in higher eukaryotes. Until recently, such 
manipulation was confined to simpler or less 
advanced cells. Use of this tool in mam- 
malian genetics is certain to provide signifi- 

cant information about the biological and 
biochemical consequences of gene ex- 
pression and has implications for the even- 
tual correction of genetic diseases (see 
"Metallothionein Regulation and Menkes' 
Disease"). 

Our analysis of both the coding and 
flanking regulatory regions of the metallo- 
thionein locus also permits the intra- and 
inter-species comparison of the metallo- 
thionein genes at the nucleotide sequence 
level. Such studies may reveal the sig- 
nificance of evolutionary conservation of 
metallothionein genes. In this way, we and 
others hope also to find the commonalities in 
DNA sequences that permit RNA transcrip- 
tion to be induced by metals. For example, 
we need to determine if the promoter region 
operates when certain regulatory compo- 
nents present in the cell recognize either a 
particular base sequence along the DNA or 
a higher order structure in the DNA. Such 
nucleotide sequence studies are being aided 
greatly by the Genetic Sequence Data Bank 
organized and managed by members of the 
Laboratory's Theoretical Biology and Bio- 
physics Group. 

The range of studies we have discussed 
emphasizes the flexibility of the metallo- 
thionein locus as a model system. It is an 
excellent system for studying multiple levels 
of gene expression. It is a unique set of 
regulated sequences. It is helping to uncover 
the complex pattern of evolutionary develop- 
ment of genes controlled by metal ions, and 
it has become a tool for exploring the effects 
of the expression of other genes. H 
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Metallothionein 
and Menkes' 

Regulation 
Disease 

tudies of the regulation of metallothto- 
oein synthesis have provided insight 
concerning the molecular basis of hu- 

man genetic diseases. Several serious human 
diseases involve altered copper metabolism. 
One of these, Menkes' disease, is an inherited 
disorder linked to the X chromosome in 
which copper is distributed throughout the 
body in an abnormal fashion. Some tissues, 
such as the intestine and kidney, accumulate 
abnormally large amounts of copper. Other 
tissues, such as those in blood vessels and 
brain, lack adequate amounts of copper. The 
results of Ais metabolic disorder are neural 
degeneration, abnormal vasculature, and 
early death. 

A clue to the molecular basis for this 
disease came from studies at Los Alamos 
and elsewhere of cells isolated from patients 
with Menkes' disease. These cells accu- 
mulate more copper than do normal celts 
when exposed to typical physiological levels 
of the metal. Copper is one of the metals 
whose ions bind to metallothionein. 
Moreover, high levels of copper bound to 
metallothionein correlated with enhanced 

Regulator 
Gene On 

, X  Chromosome 

ul^>&!>~ . . Repressor / 

No Inducing Metal 

cellular copper uptake and retention in 
Menkes' mcells. Thus, in Menkes' cells, tile 
synthesis of nwtdlothionein appears to be 
"locked on," that is, in the constitutive mode. 
The disease apparently involves, not ge- 
netically altered MT genes, but altered r e p  
lotion of gene expression for metallothionein. 

Although Menkes' didisease is inherited as a 
recessive X-linked trait, the MT gene is not 
on the X chromosome. This observation 
suggests that there is a gene on the X 
chromosome encoding a molecule that reg- 
ulates copper uptake and, perhaps, MT gene 
expression (see part (a) of the figure). This 
latter gene is apparently the one altered in 
Menkes' celts so that an effective regulator is 
not synthesized (b). 

To explore this idea further, we used 
somatic cell genetic techniques to fuse nor- 
mal hamster and Menkes' human cells, cre- 
ating hybrid cells with the genetic compo- 
nents of both species. The MT gene from the 
hamster cells was inactive (due to methyla- 
tion) so that it could not be induced to 
synthesize hamster metdothionein (c). How- 
ever, copper uptake and the synthesis of 

Normal Human Cell 

Switch 
Off 

human metallothionein were found to be 
normal in the hybrid cells. 
One hypothesis is that the hybrid cells 

now contained a nondefective gene on the X 
chromosome of the hamster cell that en- 
coded the regulator. The hamster regulator 
was synthesized in the hybrid cells, inter- 
acted in the usual fashion with the ap- 
propriate metal ions, and then regulated the 
synthesis of the human gene for metallothio" 
nein normally (dl. Once human metallothio- 
nein gene expression was controlled, the cell 
could maintain normal levels of copper Ions. 
Alternatively, by correcting the abnormal 
copper uptake in Menkes' cells, the hybrid 
cells may have regained normal basal levels 
erf" metallothionein synthesis. 
These results suggest that the regulator is 

actually a repressor of MT gene activity, 
because without a regulator, the synthesis of 
metaltothionein is always turned on. The 
results also demonstrate that inter-species 
regulation of metallothionein synthesis is 
possible, an exciting result that further points 
out the evolutionary conservation of the 
ZW&kthio& system. 
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